abstract: Studies of copy number variants (CNVs) in miscarriages are rare in comparison to post-natal cases with developmental abnormalities. The overall characteristics of miscarriage CNVs (size, gene content and function) are therefore largely unexplored. Our goal was to assess and compare the characteristics of CNVs identified in 101 euploid miscarriages from four high-resolution array studies that documented both common miscarriage CNVs (i.e. CNVs found in controls from the Database of Genomic Variants, DGV) and rare miscarriage CNVs (not reported in DGV). Our miscarriage analysis included 24 rare CNVs with 93 genes, and 372 common CNVs (merged into 119 common CNV regions; CNVRs) with 354 genes. The rare and common CNVs were comparable in size (median size of 0.16 and 0.14 Mb, respectively); however, rare CNVs showed a significantly higher gene density, with 56 genes/Mb in rare and 24 genes/Mb in common CNVs (P ¼ 0.03). Rare CNVs also had two times more genes with mouse knock-out models which were reported for 42% of rare and 19% of common CNV genes. No specific pathway enrichment was noted for 24 rare CNV genes, but common CNV genes showed significant enrichment in genes from immune-response related pathways and pregnancy/reproduction-related biological processes. Our analysis of CNVs from euploid miscarriages suggests that both rare and common CNVs could have a role in miscarriage by impacting pregnancy-related genes or pathways. Cataloguing of all CNVs and detailed description of their characteristics (e.g. gene content, genomic breakpoints) is desirable in the future for better understanding of their relevance to pregnancy loss.
Introduction
Epidemiological evidence suggests that genetic factors play a significant role in pathogenesis of miscarriage (Yamada et al., 2005) , and that both the fetal/placental and the parental genotypes are involved (Christiansen et al., 2008) . Chromosome errors, such as trisomy, monosomy and polyploidy, are usually detected by conventional cytogenetic analysis, and account for 50 -70% of miscarriages of ,10 weeks of gestation (Warburton and Fraser, 1964) . Traditional chromosome analysis is hampered by low chromosome resolution, long-term culture, tissue culture failure or artifacts, and no diagnosis in 30-40% of miscarriages that have a normal chromosome finding (euploid).
The advent of chromosome microarray analysis allows an unbiased search for new genetic changes, gains and losses of minute, submicroscopic amounts of DNA (also called copy number variants or CNVs), across the whole genome (Cheung et al., 2005; Rajcan-Separovic, 2012) . This technology complements cytogenetic analysis when no chromosome errors are found using conventional chromosome analysis.
In many clinical genetic centres worldwide, genomic arrays replaced conventional cytogenetic analysis and became a standard of practice for patients with neurodevelopmental disorders (e.g. intellectual disability (ID) or autism) because such technology can identify causative, pathogenic CNVs in 15% of ID patients with euploid karyotypes. However, owing to limited data, chromosome microarrays are not yet recommended in clinical practice to determine the cause of first or second trimester miscarriage (American College of Obstetrics and Gynecology, ACOG, 2015) or recurrent pregnancy loss.
Knowing the CNV size, their gene content and function, association with established developmental phenotypes, presence in parents or databases of controls (e.g. Database of Genomic Variants, DGV) is essential for their interpretation (Kearney et al., 2011) . Generally, CNVs that are larger (.1 Mb), de novo (occur in the affected subject as a new event), with clinically relevant gene content are considered pathogenic, while those that are common in healthy controls (e.g. catalogued in the DGV) are considered benign. Putatively pathogenic CNVs have unclear clinical significance and include those that are rare and can predispose to disease. This third group includes CNVs that are inherited from a normal parent, and could affect regions that are preferentially expressed from one parent (i.e. imprinted).
To our knowledge, there have been 16 published studies which used microarray technology in a total of 3000 (,20 weeks of gestation) miscarriages worldwide (Schaeffer et al., 2004; Benkhalifa et al., 2005; Ballif et al., 2006; Shimokawa et al., 2006; Menten et al., 2009; Robberecht et al., 2009 Robberecht et al., , 2012 Warren et al., 2009; Zhang et al., 2009; RajcanSeparovic et al., 2010a, b; Gao et al., 2012; Lathi et al., 2012; Viaggi et al., 2013; Bug et al., 2014; Levy et al., 2014) . These studies demonstrated the benefit of chromosome microarray analysis (CMA) for detecting large chromosomal changes; however the significance of detected submicroscopic gains and losses remained largely unexplored. Early low-resolution CMA studies reported CNVs in 1 -13% of early miscarriages (Schaeffer et al., 2004; Shimokawa et al., 2006; Menten et al., 2009; Robberecht et al., 2009) and in 6% of miscarriages that failed to grow in culture (Benkhalifa et al., 2005; Zhang et al., 2009) ; however, these studies did not determine the origin of the reported CNVs by parental analysis and did not identify the precise size/genomic breakpoints of the CNVs, nor their gene content.
More recent high-resolution CMA studies provided more details on miscarriage CNVs, which is particularly important for chromosomally normal miscarriages, in search for their cause (Rajcan-Separovic et al., 2010a, b; Robberecht et al., 2012; Viaggi et al., 2013; Bug et al., 2014; Levy et al., 2014) . So far, clinically relevant CNVs (described as corresponding to post-natal microdeletion and microduplication syndromes, clinically significant phenotypes with reduced penetrance or greater than 5 Mb) were found in 1.6% euploid miscarriages, while rare CNVs of unknown clinical significance (VUS), were noted in 1 -40% of sporadic and recurrent euploid miscarriages (Rajcan-Separovic et al., 2010a, b; Robberecht et al., 2012; Viaggi et al., 2013; Bug et al., 2014; Levy et al., 2014) . The majority of studies, including our two previous publications (Rajcan-Separovic et al., 2010a, b) focused on rare miscarriage CNVs, not present in control databases, while common CNVs, reported in controls, were not listed. Considering the recently reported enrichment of a common CNV containing genes involved in placenta function in females with recurrent miscarriage (RM) (Nagirnaja et al., 2014) , we were interested to determine and compare the genomic characteristics and potential contribution to miscarriage of both common and rare CNVs. To achieve this, we have analysed the size, gene content, in silico gene function from these two groups of CNVs from 101 euploid miscarriages from four recent high-resolution CMA studies that catalogued all CNVs, including our two previous studies (Rajcan-Separovic et al., 2010a, b; Robberecht et al., 2012; Viaggi et al., 2013) in order to understand their overall role in miscarriage. (1) a history of idiopathic RPL, based on a negative evaluation, as previously described (Stephenson, 1996) and (2) at least one miscarriage with a normal karyotype (46,XY or 46,XX, confirmed with microsatellite analysis). The obstetric history and details on miscarriages can be found in Rajcan-Separovic et al. 
Materials and Methods

Cohorts
CNV data acquisition
Four recent high-resolution CMA studies of miscarriages (Rajcan-Separovic et al., 2010a, b; Robberecht et al., 2012; Viaggi et al., 2013) were used because they provided breakpoints for the CNVs, classified the CNVs as rare or common based on the Database of Genomic Variants (DGV, http://dgv.tcag.ca), and provided origin for some of the CNVs. Only CNVs . 1 Kb were included. Two studies were our previous publications (Rajcan-Separovic et al., 2010a, b) from which we used unpublished data on common CNVs in miscarriages. Miscarriage CNVs overlapping with CNVs from at least two control cohorts were considered common; the remaining CNVs were considered rare. All of the included CNVs were reviewed and reclassified, if required, using the latest version of DGV to determine their current gene content and presence in healthy controls catalogued in DGV. Overlapping common CNVs were merged into CNV regions (CNVRs).
CNV gene content
Gene names and chromosomal coordinates for CNVs were mined from the human reference sequence (human genome 19 assembly, hg19, University of California, Santa Cruz (UCSC) database). Gene content of a CNV was defined based on genes located within CNVs.
Functional gene enrichment analyses
Functional enrichment and pathway analysis for common and rare CNV groups was performed using the Database for Annotation, Visualisation and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/) (Dennis et al., 2003) . Gene-enrichment for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO) terms (biological process, cellular component and molecular function) was carried out for rare and common CNV groups separately using the 'Functional annotation' tool from the DAVID (Dennis et al., 2003 ). An adjusted P-value of ,0.05 was considered statistically significant for pathway analysis and GO terms. Data were reported as significantly enriched pathways and GO terms.
Gene characteristics
We assessed the functional relevance of common and rare CNVs by determining (i) the expression pattern of their integral genes using databases TiGER (Tissue-specific Gene Expression and Regulation: http://bioinfo. wilmer.jhu.edu/tiger/) (Liu et al., 2008) and TiSGeD (Tissue-Specific Genes Database: http://bioinf.xmu.edu.cn:8080/databases/TiSGeD/search. php) (Xiao et al., 2010) ; and (ii) the consequences of murine knock-out studies, when available (e.g. embryonic lethality and/or pregnancy-related abnormalities) using Mouse Genome Informatics (MGI) (http://www. informatics.jax.org).
Statistical analysis
All statistical analyses were performed in R 2.12.0 for Windows (The R project for Statistical Computing: http://cran.r-project.org/bin/windows/ base/old/2.12.0/). CNV size was described with medians and interquartile ranges (IQR), and CNV gene density with a mean. CNV size and gene density comparison was performed using Wilcoxon rank-sum test.
Results
A total of 101 euploid miscarriages were included in our analysis collected from four high-resolution array studies of miscarriages which recorded common and rare CNVs (Rajcan-Separovic et al., 2010a, b; Robberecht et al., 2012; Viaggi et al., 2013) . This included 50 miscarriages from Rajcan-Separovic et al. Out of 44 CNVs initially reported as rare, 24 were rare after re-assessment using DGV: 14 were familial, 1 de novo, and 9 with unknown origin (Supplementary Table SI ). The de novo CNV was a 1.5 Kb gain disrupting G Protein-Coupled Receptor 180 (GPR180) gene, known to be associated with response to vascular injury, but with no evidence of a role in pregnancy and reproduction (Rajcan-Separovic et al., 2010b) . Three CNVs initially reported as rare and de novo were either excluded (one was 100 bp in size, detectable by custom array only and found to disrupt the WD Repeat Domain 37 (WDR37) gene, not known to be associated with miscarriage (Rajcan-Separovic et al., 2010b)) or were reclassified as common (Chr11:50414030-51372036 and Chr11:2904010-2906824, hg19) covering no genes and CyclinDependent Kinase Inhibitor 1C (CDKN1C), respectively (reported in Robberecht et al., 2012) .
Three hundred and seventy-two individual common CNVs in miscarriages were noted in the four studies. CNV from 15q11.2 (mapping to 20-22 Mb) was the most common and was present in 31/50 (62%) and 17/40 (42%) of all miscarriages studied by Rajcan-Separovic et al. (2010a, b) and Viaggi et al. (2013) , respectively. The common CNVs were merged into 119 non-redundant common CNV regions (CNVRs) (Supplementary Tables SII and SIII) . The paternal/maternal origin of these common miscarriage CNVs could not be conclusively determined, such as when the common CNV was present in both partners.
We compared the 24 rare and 372 common miscarriage CNVs in regard to size and gene content. Ninety-three and 354 genes were found in these CNVs, respectively (Table I) . Overall, the rare and common CNVs did not differ significantly in their size (median of 0.16 versus 0.14 Mb, respectively) but the mean gene density for rare CNVs was significantly higher than common CNVs (56 versus 24 Genes/Mb) respectively (P ¼ 0.03, Table I ).
The 93 genes from rare CNV genes were not significantly enriched in any specific pathways, and did not result in any significant GO terms. On the other hand, the 354 common CNV genes were significantly enriched in immune-response related pathways (including graft-vs-host disease, allograft rejection, and antigen processing and presentation) (Tables I  and II ) and in immune-response and reproductive processes (Table I;  Supplementary Table SIV) . Forty-two per cent (39/93) of the genes in the rare CNVs and 19% (67/354) of all the genes in the common CNVs had reported mammalian phenotypes in MGI (Table I ). The number of genes which resulted in murine embryonic lethality and in reproduction/pregnancy-associated abnormalities using a knock-out model was comparable in rare and common miscarriage CNVs (28 versus 22% and 21 versus 22% of genes with a knock-out model, respectively (Table I ; Fig. 1 ; Supplementary Tables SV and SVI) . Similarly, the number of genes with placental-specific or placental expression was not different in rare versus common miscarriage CNVs, 3 versus 1% (Table I; 
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CDKN1C, and the pregnancy-specific glycoprotein (PSG) gene cluster, from common CNVs ( Fig. 1 ; Supplementary Table SVII) .
Discussion
Our study represents a unique analysis of rare and common CNVs and their integral genes detected in 101 euploid miscarriages from 4 studies in order to evaluate their overall genomic features and in silico analysis-based function. Collectively, the rare and common CNVs were small (median 0.14 -0.16 Mb) in these four studies. Although the number of available rare CNVs was small in this analysis, we noted a significantly (P ¼ 0.03) higher mean gene density and two times more rare CNV genes with an abnormal phenotype in mouse knock-out models (42 versus 19%) compared with common CNV genes, which could suggest their importance in pregnancy failure. The in silico analysis of the miscarriage CNVs showed that rare CNV genes were not enriched in specific pathways associated with pregnancy, although this could be due to the limited number of rare CNVs and their genes. However, common CNV genes were significantly enriched in immunological pathways, such as graft-vs.-host, allograft rejection and antigen processing and presentation, and biological processes related to immune response and reproduction. Significant enrichment of loci related to innate immunity and immunoregulatory pathways essential for immune tolerance at fetomaternal interface was also reported in CNVs from females with RM (Nagirnaja et al., 2014) . The most frequent common CNV in the four studies maps to 15q11.2 ( 20-22 Mb) and was reported by Viaggi et al. (2013) to occur in miscarriages in significantly higher proportion than in controls from DGV. Two of the genes from this CNV, POTE Ankyrin Domain Family, Member B (POTEB) and POTEB2 could have a role in reproduction as they belong to a family of genes expressed in reproductive tissues (prostate, testis and placenta) (Bera et al., 2002 (Bera et al., , 2004 . However, comparison to the frequency of the above CNV with the frequency in controls is challenging as the studies in DGV differ in the array platforms used, analysis algorithms and populations. Furthermore, the studies included in DGV change over time as their validity is tested in general use. For example, in the current version of the DGV, the frequency of the 15q11.2 CNV in the control studies varies from ,1% (Cooper et al., 2011) to almost 80% (Pinto et al., 2007) . Control fertile populations and/or control pregnancies studied using the same methods as the ones used for the subjects would allow for a more ideal comparison. The most frequent common CNV from 5p13.3 found in women with RM, as reported by Nagirnaja et al. (2014) , was not found in the miscarriages we analysed.
Our re-analysis of CNVs from euploid miscarriages from four studies did not identify any single miscarriage CNV that was clearly pathogenic, which is similar to the study by Bug et al. (2014) but in contrast to Levy et al. (2014) which was based on a SNP-array study of 2392 miscarriages, reported that 1.6% of euploid miscarriages have a CNV that could be clinically significant, and 3% had variants of unknown clinical relevance. Overall, the frequency of clinically significant miscarriage CNVs in euploid Figure 1 Analysis of the function of CNV genes. Rare and common miscarriage CNV genes associated with embryonic lethality, pregnancy-associated abnormalities, and/or placental-specific expression were identified. This was determined by assessing the 39/93 rare miscarriage CNV genes and 67/354 common miscarriage CNV genes that had reported mammalian phenotypes in mouse knock-out studies, catalogued on MGI, as well as assessing all 93 rare and 354 common genes against human placental-specific genes listed on TiGER, and TiSGeD. For details of the CNVs in which these genes are involved refer to Supplementary Tables SV -SVII. The number and percentage of genes (highlighted) associated with each category is indicated inside and outside of the corresponding colour-coded circles, respectively. miscarriages appears to be smaller than in cohorts of post-natal cases with developmental delay, where 10 -15% of subjects have a clinically relevant CNV (Vulto-van Silfhout et al., 2013) . Similarly, de novo rare miscarriage CNVs appear to be infrequent in euploid miscarriages as the vast majority of rare CNVs with a known origin were familial (14/15 in 4 studies we re-analysed and 10/12 CNVs in the study by Levy et al. (2014) ). CNVs carried by parents are typically considered benign but could impair normal pregnancy development if they contain genes which are relevant for parental reproduction, are imprinted in pregnancy tissues, show variable expression or carry mutations on the second allele in miscarriage.
The contribution of CNVs to miscarriages seems to be complex, with common, rare and parental CNVs potentially playing a role. Future array studies of additional miscarriages and couples should therefore enlist all CNVs with their characteristics (gene content, size and origin). The interpretation of CNVs detected in parents could be facilitated with a database of CNVs in controls with a known reproductive history, as very little is known about the DGV controls other than they are healthy. One recent example of such effort was provided by Migita et al. (2014) who recorded CNVs in 411 Japanese women presumed fertile based on one or more live born children. Finally, the in silico analysis of the functional impact of the CNV should be complemented by in vivo analysis of the function of genes integral to CNVs (e.g. RNA and protein expression) in miscarriage tissues as recently reported (Wen et al., 2015) but also in reproductive tissues of carrier parents.
In conclusion, this study showed that both rare and common miscarriage CNVs could have a role in miscarriage. Rare CNVs significantly have higher gene density and contain more genes studied in mouse knock-out models when compared with common miscarriage CNVs, despite having a comparable size. But, common miscarriage CNVs were found to be significantly enriched in genes involved in pathways and biological processes relevant to pregnancy. No CNVs of clearly pathogenic role were identified. Future studies of euploid miscarriages and couples should record a complete CNV burden (rare and common CNVs) and characteristics (size, gene content, origin) for a more comprehensive assessment of their role in miscarriage.
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